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Abstract. - While the Higgs model is the best studied scenario of elec-
troweak symmetry breaking, there is no fundamental reason for the physics
responsible for the symmetry breaking to be weakly-coupled. Many alterna-
tives exist, predicting highly model-dependent signatures. By measuring the
cross-section for the W and Z scattering at the LHC, it will be possible to ob-
tain model-independent evidence for strong symmetry breaking or to constrain
these various models. The ATLAS Collaboration has recently performed a re-
alistic simulation of this process and its backgrounds, which takes into account
the detector effects and has developed new jet-analysis techniques for identify-
ing vector bosons within the immense QCD backgrounds expected at the LHC.
These techniques and the prospects for measuring the scattering signal will be
presented.
A key goal for the Large Hadron Collider (LHC) experiments is to shed light on
the nature of Electroweak Symmetry Breaking (EWSB). While a light Higgs boson [1]
might be considered an economical solution, there is no fundamental reason for the
SB mechanism to be purely weakly-interacting. A number of alternative models with
strong dynamics exist, technicolor being the most well-known. Some of the more
recent models predict SB by heavy fourth-generation fermions [2], by composite Higgs
bosons, such as Little Higgs [3] or holographic Higgs [4], or provide Higgsless solutions
based on non-trivial boundary conditions for the gauge fields in extra dimensions [5].
These models predict many distinct signatures to be observed at the LHC: fourth-
generation quarks, Little Higgs partners of t, W , Z, Kaluza-Klein excitations, techni-
particles, etc. On the other hand, a model-independent signature is also present in
the scattering of longitudinal massive gauge bosons (VL), since any viable model has
to provide a mechanism to unitarize the amplitude for this process at the TeV-scale
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(Λ ∼ 4piMW/g ∼ 1.5TeV, where g is the SU(2)L gauge coupling). Even if a light
Higgs is discovered with the early data at the LHC, this process will provide a window
on the nature of the discovered particle [6].
The potential for the measurements of this process with the ATLAS detector was
studied previously with fast detector simulation [7], building up on the work done
at the final-state-particle level [8], which uses the Electroweak Chiral Lagrangian
(EWChL) to model the signal. EWChL is a low-energy effective theory, constructed
in analogy to low-energy QCD, and obtained by removing the Higgs field from the
Standard Model Lagrangian and introducing an extra field with three degrees of
freedom that provide the masses of the W± and Z0 bosons [9]. This new field is
chosen such that the Lagrangian is invariant under the full EW symmetry group.
Here we report on a recent revision [10] of these studies with Geant4-based full
detector simulation [11] and updated estimates of the backgrounds using dedicated
Monte Carlo (MC) generators. The particular channels that have been considered are
q1q2 → q3q4V V , V =W,Z, where at least one of the vector bosons decays leptonically
and the final state includes two “tag” jets - jets from q3q4 at high absolute pseudo-
rapidity (|η| > 2) on opposite sides of the detector. In this report, the focus will be
on the semileptonic final states, with one of the vector bosons decaying hadronically.
Signal samples for V V resonances at three different mass values (Fig. 1 left) have
been generated with Pythia 6.4.0.3 [12] using the Pade´ unitarization scheme. In
addition to the QCD-like model of longitudinalWZ scattering present in Pythia [13],
events have been generated after modifications to Pythia to implement the terms of
the unitarized EWChL [14]. The cross-sections for the signal processes in particular
final states range between a few fb−1 for qqWjjZℓℓ with a WZ resonance at 1.1TeV
to about 70 fb−1 for qqWjjWℓν with a WW resonance at 500GeV.
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Figure 1: Left: Expected number of events per fb−1 as a function of diboson invariant
mass for four exampleWW -scattering scenarios. Middle and right: Mass and Y-scale
residuals for single-jet W bosons from different detector simulations.
The SM backgrounds to these final states are expected from two sources. The
generator MC@NLO [15] has been used with Herwig/Jimmy [16] for tt¯ background
and the Wℓν/Zℓℓ + n jet (n = 3, 4) backgrounds have been generated with Mad-
Graph 3.95 [17] interfaced to Pythia . All samples use Photos [18] for final state
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radiation and CTEQ6L1 parton distribution functions [19]. Whizard [20] and Alp-
gen [21] are also used for generator-level cross-checks.
Leptons (e or µ) used for reconstructing the vector bosons are identified with
high purity and required to have minimum transverse momenta of pT > 20− 50GeV
depending on the particular final state. The W candidates are reconstructed from the
highest-pT lepton and missing transverse energy in the event by solving a quadratic
equation which uses the mass of the Was a constraint. e+e− and µ+µ− pairs with
reconstructed mass within about 2.2 standard deviations of the nominal mass of the
Z boson are taken as the Z candidates.
The jets in the event are reconstructed using the kT algorithm [22] with R = 0.6.
(Techniques similar to what is described here have also been tested with cone-jets of
size ∆R = 0.8.) Since the V V center-of-mass energy of interest is O(0.5 − 2TeV),
the bosons are produced at high pT . Therefore the decay products of a hadronically
decaying V are often collimated into a single jet (more than 95% of the time for
pVT > 300GeV). Some of the results reported here are obtained by focusing the analysis
either on such single jet cases or on the more common di-jet reconstruction, depending
on the particular V V -mass range of interest. Alternatively, exploiting the fact that
the vector bosons are the highest pT objects in signal events, the following V V -mass
independent algorithm is used: if the highest-pT jet in an event has mass consistent
with a W or Z (within an asymmetric mass window of ∼ 30GeV width, accepting
∼ 70% of true single-jet V s), that jet is the V candidate. If not, the V candidate
is the highest-pT combination of any pair of jets, and a similar mass window cut is
applied to the pair.
A significant gain in background rejection is obtained by requiring that the jet
substructure of the single-jet candidates is consistent with genuine V decays [23].
The y21 value, which is a measure of the hardest (and final) kT merging, is converted
into a “Y scale”, Y = pjetT ×
√
y21, representing the highest scale at which the V
jet would resolve into two subjets. While for true vector bosons, Y is O(mV /2),
it is much lower than pjetT for light jets. A loose requirement on this variable (like
30 < Y < 100GeV for candidateW s, accepting ∼ 80% of true single-jetW s) provides
an additional factor of 2 improvement in signal-to-V+jets-background ratio after the
jet mass cut has been applied. For the di-jet reconstruction of the vector boson
candidates, an equivalent cut is applied using the relative transverse momenta of the
two jets with respect to each other, for a similar, but slightly more modest rejection
of the backgrounds.
After the vector boson candidates are identified, additional cuts, which are tuned
for each particular final state, are applied to reduce the backgrounds. Examples of
such requirements are: two high-energy tag jets at high pseudo-rapidity, veto on W
candidates that can be used to reconstruct top quarks when combined with other jets
in the event, no high-pT jets in the central region of the event (between V candidates
in η) given that the QCD radiation would be suppressed in the signal with respect to
the backgrounds. The overall efficiency for the signal is of the order of a few percent,
while the tt¯ background is reduced to negligible levels and the V+jets backgrounds
are reduced by 4 orders of magnitude.
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Figure 2: V V Invariant mass spectra for WℓνWqq 800GeV-resonant channel (left)
and for ZℓℓWqq 1.1TeV-resonant channel (right) after all selection criteria have been
applied. The error bars reflect the uncertainty from the Monte Carlo statistics.
The V V invariant mass spectra for two example channels are shown in Fig. 2.
Defining the signal peak region as the three consecutive bins (of size given in the figure,
chosen to represent the detector resolution) with the highest total number of signal
events, one can estimate the expected signal significance at 100 fb−1 of integrated
luminosity to be 6.3± 0.9 and 3.3± 0.5 for the 800GeV-resonant WW and 1.1TeV-
resonant ZW channels (uncertainties from MC statistics only). Resonant samples at
high masses and leptonically-decaying Z channels are usually cleaner, but have smaller
cross-sections. Because of this, many other channels studied have significances in the
same range as these examples.
Before concluding, it is worthwhile to note that these estimates are worse than
what was reported before [7]. The main reason for this appears to be an under-
estimation of the V+jets backgrounds in the earlier studies. Another factor is the
lower-than-expected efficiency in lepton identification, which is being addressed. On
the other hand, the hadronic vector boson reconstruction technique has been shown
to be reliable. Fig. 1 shows that the single-jet variables are well understood, with
∼ 10% resolution measured for both fast and full detector simulation. Therefore the
method appears to be well applicable to real data, with many applications beyond
vector boson scattering.
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